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RLE Progress Report No. 133

Cover and titlc page: In 1221, we celebrate two big anniversaries—the Radlab’s 50th and RLE’s 45th.
The Research Laboratory of Electronics, which was established in 1946, grew ~'it of MIT's wartime Radi-
ation Laboratory (1940-45). In honor of the milestones that we are sharing this year, the cover of RLE
Progress Report No. 133 notes the rich tradition of communications research in RLE.

In the early days of RLE, former RadLab staff member Professor Jerome B. Wiesner, collaborating with
Professors Yuk Wing Lee and Norberi Wiener, developed practical applications for the theory of nanlinear
systems. By combining the methods and technigues of mathematicians and communication engineers, the
study of communication theory in RLE was not confined to electrical systems.

As new theories of modern communication were introduced in the 1950s, they were applied to new
studies of the nervous system. Professor Walter A. Rosenblith worked with Professor Norbert Wiener to
apply statistical communication techniques to the field of communication biophysics. This research estab-
lished quantitative relations between neuroelectric data and the characteristics of sensory stimuli.

This tradition continues today. For example, members of RLE's Auditory Physiology Group are studying
the sound-induced motions of mechanically sensitive cells (hair cells) in the inner ear, which contain
microscopic hairs that vibrate when the ear is stimulated by sound. These vibrations are transduced by the
hair cells to excite nerve fibers that carry the information about the sound stimulus to the brain. Shown on
the cover is a scanning electron micrograph of the microscopic sensory hairs of a lizard, prepared by Dr.
Ruth Anne Eatock. Approximately 60 hairs project from each sensory receptor cell, and the receptor cells
are organized by length (2 to 20 microns for the cells shown) in an orderly staircase array. The mechan-
ical properties of these sensory hairs play an important role in determining the neural code for sound.

Dr. Eatock, a former postdoctoral fellow in RLE under the direction of Professor Thomas F. Weiss, is pres-
ently an Assistant Professor in the Physiology Department at the University of Rochester.

Our special thanks to the following staff members of the RLE Communications Group: Mary J. Ziegler
for her exceptional editing, formatting, and scanning; Mary S. Greene for proofreading and preparation of
the publications and personnel chapters; and Rita C. McKinnon for her help with proofreading. We also
want to thank David W. Foss, Manager of the RLE Computer Facility, for his technical assistance.

We thank the faculty, staff, and students of RLE for their generous cooperation.

Editor: Barbara Passero

Design and lllustration: Robert H. Priest

Photography: John F. Cook

Printer: DS Graphics, Pepperell, Massachusetts

Typesetting: This report was produced with IBM’s BookMaster Software. Mylar

negatives were printed on an IBM 4250-11 electro-erosion printer.

© Massachusetts Institute of Technology. 1991. All rights reserved.
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Introduction

The Research Laboratory of Electronics

The Research Laboratory of Electronics (RLE) was established in 1946 as the Institute’s
first interdepartmental laboratory. Originally organized under the joint sponsorship of
the Departments of Physics and Electrical Engineering, RLE has broadened its interests
to cover a wide range of research.

The RLE environment provides both the freedom of action essential in an academic
institution and the availability of large-scale laboratory facilities and services required by
researchers. RLE’'s interdisciplinary setting offers many opportunities for creative and
collaborative research. By fostering this powerful combination of research and educa-
tion, RLE effectively penetrates beyond the horizon of new ideas and information.

RLE Progress Report

RLE Progress Report Number 133 describes research programs at RLE for the period
January 1 through December 31, 1990. Each chapter of the Progress Report contains
both a statement of research objectives and a summary of research efforts for research
projects listed. Faculty, research staff, students and others who participated in these
projects are identified at the beginning of each project, along with sources of funding.

There are three appendices at the end of the report: Appendix A is a bibliography of
RLE publications and papers presented by RLE staff during 1989; Appendix B is a roster
of current RLE staff; and Appendix C is an index of RLE sponsors. In addition, the
Project Staff and Subject Index provides access to the information in this report.

RLE Progress Report Number 133 was produced by the RLE Communications Office.
Further inquiries may be addressed to:

Research Laboratory of Electronics
Communications Office
Room 36-412
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139-4307
Tel. (617) 253-2566
Fax (617) 258-7864
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Chapter 1. Submicron Structures Technology and Research

Chapter 1. Submicron Structures Technology and
Research

Academic and Research Staff

Professor Henry I. Smith, Professor Dimitri A. Antoniadis, James M. Carter, Professor Jesus A. del Alamo,
Professor Marc A. Kastner, Professor Terry P. Orlando, Dr. Mark L. Schattenburg, Professor Carl V.
Thompson, Isobe Takashi

Visiting Scientists and Research Affiliates
Dr. Khalid Ismail,* C.T. Liu,2 Yang Zhao?

Graduate Students

Phillip F. Bagwell, Martin Burkhardt, Gregory A. Carlin, William Chu, Kathleen R. Early, Christopher C.
Eugster, Hao Fang, Stuart B. Field, Jerrold A. Floro, Reza A. Ghanbari, Hang Hu, Harold Kahn, Yao-Ching
Ku, Arvind Kumar, Ady Levy, Yachin Liu, Hai P. Longworth, Udi E. Meirav, Alberto M. Moel, Haralabos
Papadopoulos, Samuel L. Park, George E. Rittenhouse, John H.F. Scott-Thomas, David G. Steel, Lisa Su,

Siang-Chun The, Kenneth Yee, Anthony Yen

Undergraduate Students

JoAnne M. Gutierrez, Chee-Heng Lee, Kenneth P. Lu, Euclid E. Moon, Pablo Munguia, Lee-Peng Ng,
Daniel B. Olster, Shahir R. Salyani, Flora S. Tsai, Lead Wey

Technical and Support Staff

Donna R. Martinez, Mark K. Mondol, Jeanne M. Porter

1.1 Submicron Structures
Laboratory

The Submicron Structures Laboratory at MIT
develops techniques for fabricating surface struc-
tures with linewidths in the range from nanometers
to micrometers and uses these structures in a
variety of research projects. These projects of the
laboratory, which are described briefly below, fall
into four major categories: (1) development of
submicron and nanometer fabrication technology;
(2) nanometer and quantum-effect electronics; (3)
crystalline films on non-lattice-matching sub-
strates; and (4) periodic structures for x-ray optics,
spectroscopy and atomic interferometry.

1.2 Microfabrication at
Linewidths of 100 nm and
Below

Sponsors

Joint Services Electronics Program
Contract DAAL03-89-C-0001

National Science Foundation
Grant ECS 87-09806

Project Staff

Martin Burkhardt, James M. Carter, William Chu,
Kathleen R. Early, Reza A. Ghanbari, Yao-Ching
Ku, Alberto M. Moel, Dr. Mark L. Schattenburg,
Professor Henry . Smith, Siang-Chun The,
Anthony Yen

A variety of techniques for fabricating structures
with characteristic dimensions of 0.1 yum (100 nm)
and below are investigated, These include: x-ray
nianolithography, holographic lithography, achro-

1 IBM Corporation, Thomas J. Watson Research Center, Yorktown Heights, New York.

2 Princeton University, Princeton, New Jersey.
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matic holog.aphic lithography, electron-beam
lithography, tocused-ion-beam lithography,
reactive-ion etching, electroplating, and liftoff.
Development of such techniques is essential if we
are to explcre the rich field of research applications
in the deep-submicron and nanometer domains.

X-ray nanolithography is of special interest
because it can provide high throughput and broad
process latitude at linewidths of 100 nm and
below. Figure 1 shows the replication of a 100
nm period grating (40 nm linewidths) using the C,
x ray at 45 nm. We are developing a new gener-
ation of x-ray masks made from inorganic mem-
branes, primarily SiN,, in order to eliminate pattern
distortion and avoid mask breakage during han-
dling. Figure 2 shows our most recent mask archi-
tecture. The mesa rim is composed of Si (what
remains of a Si wafer that has been etched away).
The SiN, membrane i1s under moderate tension and
is optically flat to better than 0.25 um.

X-Ray Nanolithography

100nm-period grating in
PMMA exposed with
Ck x-ray (2 =4.5nm)

Figure 1. Scanning electron micrograph of a 100
nm-period grating (40 nm hnes, 60 nm spacers)
exposed in PMMA using the C, x-ray (4.5 nm) and a
mask made with tungsten absorbers. Previously, the
finest grating period replicated was 200 nm, although
linewidths betow 30 nm are routinely replicated.
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To achieve gaps of 5 um and below, we can use
spacer studs on the mesa rim. Such gaps are rou-
tinely achieved and allow us to replicate sub-100
nm features using the Cu_ line at 1.34 nm. Tn
achieve multiple-mask alignment we currently use
a dark field optica! imaging system. In the future,
in order to produce alignments compatible with 50
nm iinewidths, we wili fix the mask-sample gap at
4 um, translate the mask piezoelectrically, and
detect alignment to < 10 nm by a dual-grat'ng
interferometric scheme.

Phase-shifting x-ray masks should permit us to
achieve sub-50 nm linewidths at gaps ~ % um. in
previous studies, we showed that a pi-phase-
shifting mask improves process latitude by
increasing the irradiance slope at fea' .re edges.
For linewidths below 50 nm, we bring the mask
membrane into soft contact with the substrate by
electrostatic means.

A varie’ of techniques are used to pattern the
x-ray masks including e-beam lithography,
focused-ion-beam lithography (FIBL), holographic
lithography and sidewall shadowing. Figure 3
shows the process used, and figure 42 shows the
result of e-beam lithography in a collaborative
atfort with S. Rishton of IBM. Using a single-layer
resist, 250 nm thick, we were able to expose
50 nm lines and spaces of a quantum-effect
device pattern and subsequently electroplate 200
nm of gold, suitable for the Cu, x-ray at 1.34 nm.
Reduced electron back-scattering from the 1

Magk for G0t v e, Jthegrapby

,

H

W

1
o~

Figure 2. Schematic of the mesa-nm x ray mask
architecture. The mesa nm s composed of Si etched
from a Si wafer that had beer anodically bonded to the
pyrex frame. The membrane is stress controlled SIN,
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E-Beam Lithography
(Single Resist Layer)

E-beam Exposure (50keV)

D]

i
]
Wl
‘ li .
[
[ PMM .
mmA % Aurpiatirg
? ? base

-a— SNy
remgrars

Fr U1 %
Au Plating (200 nm- thick)
—|}«— 50 nm

ORI

200 nm of Au—=I0 dB atten. @ 1.34 nm

Mask Replication

Cu, x-rays (1.34 nm)

i
L -

Mother mask

BN

L ~ughter Mask

Plating base ——
~———

PRESTFET daughter mask was made with G = 0. The two
membranes were held together electrostatically.

Figure 3. Schematic depiction of process used to make x-ray masks of 50 nm lines and spaces. The e-beam
iithography depicted (left) achieves fine pitch by virtue of the thin (1 um) substrate which reduces backscattering.
The electroplating (right) is done under conditions that produce zero stress.

um-thick SiN, membrane played a crucial role in
achieving such ¢ result. This mask was then repli-
cated with x rays and the “opposite polarity”
pattern obtained (figure 4b).

We h' /e further developed the achromatic holo-
graphic lithography (AHL), which enables us to
achieve 100 nm period gratings (50 nm nominal
linewidth). New anti-reflection resists have been
developed and tested. This technology wiil be
used to make gratings for x-ray spectroscopy and
atom beam interferometry, and to fabricate new
classes of quantum-effect electronic devices.

1.3 Improved Mask Technology
for X-Ray Lithography

Sponsors

Semiconductor Research Carporation
Contract 9C-SP-080

U.S. Navy - Naval Research Laboratory
Contract NOOO:4-90-K-2018

Project Staff

JoAnne M. Gutierrez, Yao-Ching Ku, Kenneth P.
Lu, Lee-Peng Ng, Shahir R. Salyani, Professor
Henry |. Smith, Lisa Su, Flora S. Tsai, Lead Wey

In orcer to utilize x-ray lithography in the fabri-
cation of submicron integrated electronics, dis-
tortion in the x-ray mask must be eliminated.
Distortion can arise from stress in the absorber,
v.hich is usually gold or tungsten. Tungsten is
preferred because it is a <loser match in thermal
expansion tc Si, SiC, SiN, and other materials used
as mask membranes. Hcwever, W is usua'ly under
high stress when deposited by evaporation or
sputtering.  Earlier, we demonstrated that for a
given type of substrate, zero stress (i.e., less than 5
x 107 dynes/cm?) can be achieved by controlling
the sputtering pressure to within one-tenth of a
militorr. This year we have develoned a computer-
controlled system for monitoring /n situ, auring
deposition, the stress in sputtered W or x-ray
mask n:embranes. Siress is d..erminer from the
resonant frequency of the membrar.. By moni-
toring the membrane resonan: trequency during
deposition and taking ints account the mass
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X-Ray Mask Made with
- r

+

50 nm

"Daughter” Mask Madue by
- i raph nd Ay Platin

50 nm

—f

B MY A AW F Wy Wio s P4y

Figure 4. (a) Scanning electron micrograph of the absorber pattern on an x-ray mask, fabricated by the process
depitcted in figure 3. The lines and spaces are ~ 50 nm. (b) Scanning electron micrography of a “"daughter” x-ray
mask made by replication of the mask in (a) followed by electroplating. The 50 nm lines and spaces are preserved in

this replication process.

loading and temperature shifts, we can achieve
zero stress (i.e., below 5 x 107 dynes/cm?).

We are also investigating mask membranes
including: SiN,, SiC, and laminates of SiQ,/SizN,.
The strongest membranes were Si rich SizNg. A
1.2 um thick membrane of this material can sustain
a full atmosphere pressure differential across a
span of 20 mm. Because of its unusual strength
we now use SiN, as a vacuum window, 20 mm in
diameter. We have also investigated the radiation
hardness of SiN, (in collaboration with the Univer-
sity of Wisconsin) and found very minor changes
in resonant frequency as a result of over one
million equivalent x-ray exposures.
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1.4 Study of Electron Transport
in Si MOSFETs with
Deep-Submicron Channel
Lengths

Sponsor

Joint Services Electronics Program
Contract DAAL03-83-C-0001

Project Staff

Professor Dimitri A. Antoniadis, Gregory A. Carlin,
Hao Fang, Hang Hu, Professor Henry | Smith,
Siang-Chun The




We have continued to use x-ray lithography to
fabricate NMQOS devices with effective channel
lengths down to 50 nm. As channel lengths
decrease below about 150 nm, velocity overshoot
has been observed both at room and liquid
nitrogen temperatures. It appears that a necessary
condition for this phenomenon is high surface
mobility which we have achieved in our devices by
utilizing a sharp, reirograde doping of the channel.
Our initial devices used a single, moderately deep
boron ion implant followed by a very short thermal
activation step that also grew the gate oxide.
More recently, we have used indium implants to
achieve improved results. indium, by virtue of its
heavier mass, gives much sharper retrograde
doping than boron. Also, it is a slower diffuser
than boron, allowing more flexibility in subsequent
thermal processing. Finally, it tends to segregate
and diffuse through silicon dioxide, and thus it is
better suited to give a low interface doping con-
centration.

Record saturated transconductances (710
mS/mm) were obtained with the new In-doped
devices. This underscores the achievement of
increased surface mobility with the steeper
retrograde channel doping. Velocity overshoot
and reduction of impact ionization rate with
channel length reduction, which were observed
earlier in boron-doped NMOS devices, were also
observed in the In-doped devices.

During this reporting period we have also devel-
oped a technology for self-aligned silicided NMOS
device fabrication. We have used cobalt deposi-
tion on the exposed silicon of source/drain and
gate electrodes, with a subsequent two-step
(450°C and 750°C) rapid thermal annealing, to
form CoSi, self-aligned to the exposed silicon.
Thin oxide or silicon nitride spacers around the
gate electrode have been used to prevent shorts
between sources/drains and gates. These process
improvements were tested first with conventional
lithography where the short gate was achieved by
resist erosion in an O, plasma after resist exposure
and development. More recently, an inorganic
x-ray mask technology was developed and has
allowed us to use x-ray lithography for the defi-
nition of the gates. Fabrication of devices with the
new technologies is now in progress.

Work is also in progress to develop a corre-
sponding deep-submicron self-aligned PMOS
process. This should give us 100 nm-channel-
length CMOS circuits fabricated by an x-ray litho-
graphy technology compatible with commercial
mass production.
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1.5 Studies of Electronic
Conduction in One-Dimensional
Semiconductor Devices

Sponsors

Joint Services Electronics Program
Contract DAAL03-89-C-0001

National Science Foundation
Grant ECS 85-03443

Project Staff

Professor Dimitri A. Antonaidis, Stuart B. Field,
Professor Marc A. Kastner, Samuel L. Park, John
H.F. Scott-Thomas, Professor Henry I. Smith

Sophisticated processing techniques and advanced
lithography have allowed us to enter what we
believe is a fundamentally new regime in the study
of electronic conduction in one-dimensional
systems. A slotted-gate MOSFET structure (figure
5) was used to produce an electron gas at the
Si/Si0, interface beneath the gap in the lower-
gate. This was done by biasing the upper gate
positively, while keeping the slotted gate just
below threshold. Fringing fields around the lower
gate confined the electron gas to a width substan-
tially narrower ( ~ 25 nm) than the distance sepa-
rating the two halves of the slotted gate
( ~ 70 nm). The slotted gate was produced using
x-ray nanolithography and liftoff. It was com-
posed of refractory metals to allow a subsequent
high temperature anneal. This annea! removed
damage created by the e-beam evaporation of the
refractory metal, so that the electron gas had a
mobility of 15,000 cm?/V-sec at 4.2K. The elec-
trical conductance of the 1-D gas was measured
as a function of the upper gate voltage for temper-
atures less than 1K, and a surprising series of peri-
odic oscillations was seen in the conductance
(figure 6).

Changing the gate voltage can be thought of as
changing the number of electrons per unit iength
of electron gas. Since the conductance is
thermally activated, the oscillations reflect a peri-
odic change in the activation energy of the elec-
tron gas as the electron density is changed.
Computer simulations solving Poisson’s equation
and the single particle Schrodinger wave equation
strongly suggest that the electron gas is dynam-
ically one-dimensional when the oscillations are
most strongly seen. That is, the electrons are in
the lowest quantum energy level of the potential
well created by the fringing fields of the slotted
gate.

1
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Figure 5. (a) Schematic cross section and (b) top
view of the siotted-gate device. The inversion layer,
formed by the positively biased upper gate is confined
by the lower gate. The thermal oxide and refractory
metal lower gate are both 30 nm thick, and the chem-
ical vapor deposition oxide i1s 45 nm thick. The width
of & narrow inversion layer is exaggerated in (b).
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The period of the oscillations varies randomly from
device to device. Additionally, the period changes
when the same device is heated to room temper-
ature and then cooled. This suggests that impuri-
ties are responsible for the conductance
oscillations. The impurities delimit a segment of
the channel that is capacitively coupled to the
gates of the device. The electrostatic energy
required to move an electron into this segment
(and hence carry current) changes periodically
with the gate voltage. This so-called Coulomb
Blockade model of the oscillations is strongly sup-
ported by recent experiments in similar GaAs
devices. It should be stressed that these oscil-
lations are seen with no magnetic field, implying
that the phenomenon is fundamentally different
from phenomena requiring Landau guantization
(such as the Quantum Hall Effect).

3t
2 um lLong
—’7‘ TS 100 mK
c 2t
5
o 1
840 B45 B850 855
V, (Volts)
°
3
a.
AVeS :
0 100 200 300
1/8v, (Volts™)
Figure 6. Top Panel. Conductance G versus gate

voltage Vg for 2 2 um-long inversion layer. Bottom
panel: Fourier power spectrum of the top panel data.




1.6
Lateral-Surface-Superlattice
and Quantum Wire Arrays in Si
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Professor Terry P. Orlando, Professor Henry 1.
Smith

We have been studying quantum mechanical
effects in electrical conduction using the silicon
grating gate field effect transistor (GGFET). The
Si GGFET is a dual stacked-gate MOS type siruc-
ture in which the gate closest to the inversion layer
(bottom gate) is a 200 nm pericd grating made of
refractory metal. A SiQ; inculating layer separates
the grating gate and ine inversion layer from a
second continitous aluminum gate (top gate).
Using this dual gate structure, we can gradually
vary the electron geometry in the inversion layer
from many narrow wires in parallel, to a superlat-
tice, and to a two-dimensional electron gas.

Electron weak localization becomes much more
pronounced as the device is electrostatically
pinched from a 2D inversion layer into many
narrow 1D wires in parallel, proving that the wire
width can be reduced below the electron phase
coherence length. For fixed intermediate magnetic
field of 1-10 Tesla, there is a large drop in the
current of 90% or more, which persists to room
temperature as electrons are added to the device,
so that it opens electrostatically from many narrow
inversion layers in parallel into a 2D electron gas.
This is due to electrostatically changing the
boundary conditions on the classical Drude
magnetoconductance tensor from those of a long
and narrow to a short and wide MOSFET. At high
magnetic fields edge states form in the wire array,
so that the conductance versus gate voltage
evolves into Hall steps having a height of 4e?/h
multiplied by the number of wires in parallel. In
contrast to a wide MOSFET, the conduction band
valley degeneracy is not resolved, giving rise to
Hall steps of twice the expected size.
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1.7 Study of Surface
Superlattice Formation in
GaAs/GaAlAs Modulation
Doped Field-Effect Transistors

Sponsor

U.S. Air Force - Office of Scientific Research
Grant AFOSR 88-0304

Project Staff

Professor Dimitri A. Antoniadis, Martin 3Surkhardt,
William Chu, Professor Jesus A. de! Alamo, Reza
A. Ghanbari, Dr. Khalid ismail, Professor Marc A.
Kastner, Professor Terry P. Orlando, Professor
Henry | Smath, Kenneth Yee, Anthony Yen

We have used the modulation-doped field-effect
transistor (MODFET) as a test vehicle for studying
quantum effects such as electron back diffraction
in a GaAs/AlGaAs material system. In a conven-
tional MODFET, the current transport is modulated
by a continuous gate between source and drain.
In our studies, we have used Schottky metal
gratings and grids for the gate, as iliustrated in
figure 7. Such gates produce a periodic potential
modulation in the channel.

The grid was produced by x-ray nanolithography
and liftoff. The x-ray mask of the grid was pro-
duced by two successive x-ray exposures at 90
degrees 10 one another, using a master mask that
was fabricated via holographic lithography. The
latter yields coherent gratings over areas several
centimeters in diameter. A new technique was
developed that yields grating and grid patterns
only in the channel region between source and
drain. This has simplified the overall process and
enhanced its reliability.

The MODFET is normally on; that is, a negative
gate bias of about — 0.2V must be applied to
pinch off conductance from source to drain. As
the gate bias is raised above this threshold point,
the height of the periodic potential modulation is
reduced and, simultaneously, the Fermi energy is
raised (or, equivalently, the electron wavelength is
reduced) in the 2D electron gas residing at the
AlGaAs/GaAs interface. When the electron wave-
length phase-matches the periodic potential, elec-
tron back-diffraction occur provided the inelastic
length (i.e., the coherence or phase breaking
length) is longer than the grating-period. Such
hack diffraction is manifested by a drop in the
conductance. A stronger back diffraction effect is
observed in the case of a grid because true mini-
gaps are formed. The measurements of conduc-
tance modulation of grating and grid-gate
MODFETs agrees with the theoretical predictions.
In the grid gate devices it was also possible to
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observe negative differential resistance which
GaAS/GaAlAs MODFET Lateral Surface might be due to sequentiai resonant tunneling.

: ; ; We plan to decrease the periodicity of the gratings
Superlattice (both grating and grid) and grids by a factor of two, to 100 nm period.
For devices with such fine grating periodicity, the
superlattice effect might become more pronounced
and observable at higher temperatures. We will
also conduct magnetotransport measurements with
devices of 100 and 200 nm periodicity.

n*-GaAs
We will also take advantage of a back-gate tech-
43""3 nology, illustrated in figure 8. This will give us the
T ability to independently control the confining
75nm potential experienced by the electrons, as well as

the electron density in the channel. This will allow
for much more quantitative understanding of

device operation.
1.5um

7 7
ST Substrate )

o 4

Figure 7. Schematic cross section of a grid-gate
MODFET device. Contacts to the grid are made by
pads off to the sides of the conduction channel.

Grid/Grating/Wire Gate

PMMA
Source n - AlGaAs Drain
%
} undoped GaAs AlGaAs spacer
7
 d n* GaAs substrate #°

Figure 8. Schematic showing a cross section of our new configuration for studying grid-gate or grating-gate
MODFETs and arrays of quantum wires. The substrate is n- doped, allowing us to apply a back bias to sweep the
Fermi energy while keeping the potential modulation constant.
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1.8 Study of One-Dimensional
Subbands and Mobility
Modulation in GaAs/AlGaAs
Quantum Wires

Sponsors
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Project Staff
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Ismail, Professor Terry P. Orlando, Professor Henry
1. Smith

in order to study one-dimensional conductivity in
the AlGaAs/GaAs modulation-doped structure, but
without the conductance fluctuations normally
associated with single microscopic systems, we
previously fabricated arrays of 100 parallel
quantum wires (MPQW) by etching the wires into
the MODFET structure. The devices were then
ground thin from the back side so that the charge
concentration in the quantum wires could be
increased by applying a positive bias to a back-
side contact or by illumination. The devices were
not optimal because the degree confinement was
set by the etch and not electrostatically. Also,
thinning the samples was haphazard at best.

To overcome these difficulties, we have developed
a technology that allows us to electrostatically
confine the electrons to QID channels. |n parallel,
in collaboration with K. Evens at the Wright-
Patterson Air Force Base, we are developing the
technology to give us the backside gating by
growing the epitaxial layers on n* GaAs instead of
the traditional semi-insulating GaAs. A schematic
of the device is shown in figure 8.

Using this approach, we can explore the regime
from a regular 2D gas (Vig = 0) to weakly coupled
QID wires (Vig = 0.5V) to strongly isolated QID
wire (Vi < 1V), while at the same time using the
backgate to sweep the electron density and hence,
“probe” the confining potential.
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1.9 Arrays of
Field-Effect-Induced Quantum
Dots

Sponsors

Joint Services Electronics Program
Contract DAAL03-82-C-0001

U.S. Air Force - Office of Scientific Research
Grant AFOSR 88-0304

Project Staff
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Orlando, Professor Henry 1. Smith, Dr. M.
Shayegan, T.P. Smith, Dr. Daniel Tsui, Yang Zhao

A metal grid on a modulation-doped AlGaAs/GaAs
substrate (depicted in figure 9a) produces a two-
dimensional periodic potential modulation at the
AlGaAs/GaAs interface via the Schottky effect. |If
a gate electrode is attached to the grid, the poten-
tial can be further modified with an external
voltage source. By changing the gate voltage from
positive to negative values, the potential seen by
the electrons located at the AlGaAs/GaAs interface
can be varied from uniform (in which case the
electrons behave as a 2-D electron gas), to weakly
coupled zero-D guantum wells (figure 9b), to iso-
lated zero-D quantum dots (figure 9¢). We have
made such structures with spatial periods of 200
nm in both orthogonal directions using technology
similar to that described in Section 1.7, but now
the grid gate occupies ar a.za ot several square
millimeters. The isolated quantum dots and the
attendant zero-dimensional electronic subbands
were examined in collaboration with D. Tsui at
Princeton University using far-infrared (FIR)
cyclotron resonance. Transitions between the dis-
crete energy levels in the quantum dots were
observed as a function of magnetic field. Results
were in agreement with a theoretical model.

Currently, we are continuing our study using
extremely high quality samples prepared by M.
Shayegan’s group at Princeton. With typically
greater than 10%cm?/Vsec, the resolution of the
experiments should improve dramatically.

We are currently fabricating a new set of grid-gate
MODFETS, using an improved fabrication process
and will study their transport, capacitance, and
absorption properties as a function of magretic
field.

15




Chapter 1. Submicron Structures Technology and Research

(@

T e ATGaAS -

— undopea AlGaas

AN

Undopes GaAs

2.5x10em?

0 -2
10 cm

Figure 9. (a) Metal grid gate on a modulation-doped
AlGaAs/GaAs substrate; (b) Depiction of potential seen
by electrons at the AlGaAs/GaAs interface for weakly
coupled quantum dots; (¢) Potential for the case of iso-
lated quantum dots.

1.10
Planar-Resonant-Tunneling

Field-Effect Transistors
(PRESTFET)

Sponsor

U.S. Air Force - Office of Scientific Research
Grant AFOSR 85-0154

Project Staff

Professor Dimitri A. Antoniadis, William Chu, Dr.
Khalid Ismail, Professor Henry . Smith

Previously, we reported on the performance of a
planar-resonant-tunneling field-effect transistor
(PRESTFET) depicted in figure 10, in which the
gate electrodes were 60 nm long and separated by
60 nm. Clear evidence of resonant tunneling
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Figure 10. (a) Layout of a 4-terminal double-barrier
planar-resanant-tunneling field-effect transistor
(PRESTFET). (b) Plot of source-drain current versus
gate voltage for a PRESTFET with 60 nm well width.

through the bound states in the well between
electrodes was observed, as shown in figure 10b.

In order to reduce the electrode separation while
retaining a large process latitude, we have chosen
to pursue a new technology for making the
PRESTFET. In collaboration with S. Rishton of
IBM, a high-performance e-beam nanolithography
system was used to write PRESTFET paterns on
SiN, x-ray mask membranes, 1 um thick. Reduced
backscattering from the thin membrane allows
finer linewidths to be obtained, as shown in figure
3. The written masks are then processed and rep-
licated at MIT. We have succeeded in making and
replicating masks with PRESTFET patterns of 50




nm linewidth. The masks can be aligned to GaAs
substrates using an adapted deep-UV aligner and
exposed with the Cu, x-ray (1.3 nm). Liftoff of
appropriate Schottky electrodes will complete the
device fabrication.

1.11 Submicrometer-Period
Transmission Gratinags Tor
X-Ray and Atom-Beam
Spectroscopy and
Interferometry

Sponsors

Joint Services Electronics Program
Contract DAAL03-89-C-0001
X-0OPT, Inc.

Project Staff

Dr. Mark L. Schattenburg, Professor Henry |.
Smith, James M. Carter, Anthony Yen

Transmission gratings with periods of 0.1-1.0 nm
are finding increasing utility in applications such
as x-ray, vacuum-ultraviolet, and atom-beam spec-
troscopy and interferometry. Over 20 laboratories
around the world depend on MIT-supplied
gratings in their work, and this project constitutes
the sole source for these diffractors. For x-ray and
VUV spectroscopy, gratings are made of gold or
tungsten and have periods of 0.1-1.0 um and
thicknesses ranging from 0.1-1 um. They are most
commonly used for spectroscopy of the x-ray
emission from high-temperature plasmas. Trans-
mission gratings are supported on thin (1um)
polyimide membranes or made self supporting
("free standing”) by the addition of crossing struts
(mesh). (For short x-ray wavelengths, membrane
support is desired, while for the long wavelengths
a mesh support is prefered in order to increase effi-
ciency.) Fabrication is generally performed by
holographic lithography, x-ray lithography and
electroplating. Progress in this area tends to focus
on decreasing the period and improving the yield
and flexibility of the fabrication procedures.

Another application is the diffraction of long-de
Broglie-wavelength (0.17A) neutral sodium beams
by mesh-snpported gratings. Professor Pritchard’'s
group at MIT has clearly demonstrated atomic
diffraction with these gratings, and work is in pro-
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gress to use these gratings to divide and recom-
bine an atomic beam coherently, thus realizing an
atom wave interferometer. Because good spatial
coherence (low distortion) of the grating is critical
to ensure measurable interference of the beams,
efforts are concentrating on fabrication with low
stress and high stiffness materials such as
tungsten, silicon nitride, and silicon oxide.

1.12 High-Dispersion, High
Efficiency Transmission
Gratings for Astrophysical
X-Ray Spectroscopy

Sponsor

National Aeronautics and Space Administration
Contract NAS8-36748

Project Staff

Professor Claude R. Canizares, Dr. Mark L.

Schattenburg, Professor Henry [. Smith

This work involves a collaboration between the
Center for Space Research and the Submicron
Structures Laboratory (SSL), providing trans-
mission gratings for the Advanced X-ray
Astrophysics Facility (AXAF) x-ray telescope, cur-
rently scheduted for launch in 1998. Many hun-
dreds of low-distortion, large area transmission
gratings of 0.2 um period (gold) and 0.6 um
period (silver) are required. These will provide
high resolution x-ray spectroscopy of astrophysical
sources in the 100 eV to 10 keV band.

Because of the requirements of low distortion,
high vyield, and manufacturability, a fabrication
procedure involving the replication of x-ray masks
has been selected. Masks are made of high-
stiffness silicon nitride membranes to eliminate
distortion. Masks are patterned using a process
involving holographic lithography, reactive-ion
etching, and electroplating. The masks are then
replicated using soft x-rays (10 - 15 A), and the
resulting patterns electroplated with gold or silver.
An etching step then yields membrane-supported
gratings suitable for space use. Flight prototype
gratings have been fabricated and continue to
undergo space-worthiness tests. Progress in this
area focuses on increasing the yield and flexibility
of the fabrication procedures and perfecting
various mask and grating evaluation tests.
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1.13 Epitaxy via
Surface-Energy-Driven Grain
Growth

Sponsor
AT&T Bell Laboratories

Project Staff

Jerrold A. Floro, Professor Henry |. Smith, Pro-
fessor Carl V. Thompson

Epitaxial grain growth (EGG) in polycrystalline
thin films on single crystal substrates is being
investigated as an alternative process for obtaining
and studying epitaxy. EGG can produce smoother
uitra-thin expitaxial films than those produced in
conventional epitaxy and may yield lower defect
densities as well. In addition, EGG can produce
unigue non-latticed-matched orientations not
observed in conventional epitaxy.

The mechanism of epitaxial grain growth is simple.
The anisotropic  film/single-crystal substrate
interfacial energy selects one film crystallographic
orientation as having lowest total free energy.
Grains in this orientation have the largest driving
force for growth and will predominate as the
system coarsens.

We have continued our work on model materials
systems, i.e., metals on mica and alkaii halides.
We made extensive use this year of x-ray pole
figure analysis for quantitative measurement of
texture and epitaxy. Using this technigue we
measured the expitaxial fraction transformed versus
film thickness, verifying the rate of EGG increases
with decreasing film thickness as predicted by
theory.

In order to achieve perfect epitaxy, the EGG
process must be highly orientation selective, with a
smali fraction of iso-orientation grains in the initial
population growing extremely large. We have
shown that by proper treatment of a mica substrate
surface prior to deposition, the selectivity can be
greatly increased, and the final grain size can be as
large as 50 um, an order of magnitude larger than
previously obtained. This increased selectivity is
apparently due to modification of the mica surface
chemistry.

We have performed extensive numerical analysis of
EGG using mean field coarsening theory, we are
trying to determine under what conditions (inter-
face energy, boundary pinning, etc.) significant
selectivity in grain growth rates can occur.
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M.L. Schattenburg. J.M. Carter, and H.lL
Smith. “X-ray Masks with Large-Area
100nm-Period Gratings for Quantum-Effect
Device Applications.” Proceedings of the Inter-
national Conference on Microlithography,
Microcircuit Engineering 90, Leuven, Belgium,
September 18-20, 1990; Microelectron. Eng..
Forthcoming.

Meetings Papers Presented

Bagweli, P.F., A. Kumar, and T.P. Orlando.
“Evanescent Modes and Scattering in Quasi-
One-Dimensional Wires.” Bull. Armer. Phys.
Soc. 35: 298 (1990).

Bagwell, P.F., T.P. Orlando, and A. Kumar. “Low-
Dimensional Resonant Tunneling.” Paper pre-
sented at the NATO Advanced Research
Workshop on Resonant Tunneling in Semicon-
ductors: Physics and Applications, El Escorial,
Spain (1990).

Bagwell, P.F., A. Kumar. "Evolution of the Quan-
tized Ballistic Conductance with Increasing
Disorder in Narrow Wire Arrays.” Submitted for
the March Meeting of the American Physical
Society, 1991.

Broekaert, T.P.E., P.F. Bagwell, T.P. Orlando, and
C.G. Fonstad. "Resonant Tunneling Diodes and
Transistors with a One, Two. or Three Dimen-
sional Electron Emitter.” Bull. Amer. Phys. Soc.
35: 298 (1990).

Eugster, C.C., J.A. del Alamo, and M.J. Rooks.
“Ballistic Transport in a Novel Gated Quantuam
Wire.” Paper presented at Device Research
Conference, Santa Barbara, California, June
1990.

Eugster, C.C., J.A. del Alamo, and M.J. Rooks.
“Ballistic Transport in a Novel Grated Quantum
Wire.” Paper presented at the 48th Annual




Device Research Conference, Santa Barbara,
California, June 25-27, 1990.

Kumar, A., and P.F. Bagwell. "Resonant Tunneling
in a Q1-Dimensional Wire.” Paper presented at
Techcon, October 1990.

Liu, C.T., D.C. Tsui, M. Shayegan, K. Ismail, D.A.
Antoniadis, and H.l. Smith. "Observation of
Landau Level Splitting in  Magneto-
Capacitance Measurements on GaAs/AlGaAs
Two-Dimensional Surface Superlattice Struc-
tures.” Bull. Amer. Phys. Soc. 35: 597 (1990).

Liu, C.T., S. Luryi, and P.A. Garbinski. “"Quench of
Hot-Electron Real-Space-Transfer by Electronic
Screening.” Submitted for March Meeting of
the American Physical Society, 1991.

Markert, T., M.L. Schattenburg, T. Isobe, J. Bauer,
C. Canizares, J. O'Connor, J. Porter, and H.I.
Smith. “Investigations of Materials for Ultra-
Thin Window X-ray Detectors.” Paper pre-
sented at 177th Meeting of the American
Astronomical Society, Philadelphia, Pennsyl-
vania, January 13-17, 1991,

Meirav, U., M.A. Kastner, M. Heiblum, and S.J.
Wind. "Single Electron Charging and Conduc-
tance Oscillations in GaAs Nanostructures.”
Bull. Phys. Soc. 35: 721 (1990).

Meirav, U., M.A. Kastner, M. Heiblum, and S.J.
Wind. “Single Electron Charging and Conduc-
tance Oscillations in GaAs Nanostructures.”
Bull. Phys. Soc. 35: 721 (1990).

Park, S.L., P.F. Bagwell, A. Yen, D.A. Antoniadis,
H.l. Smith, T.P. Orlando, and M.A. Kastner.
“Magnetotransport in Multiple Narrow Si Inver-
sion Channels Opened Electrostatically Into a
Two-Dimensional Electron Gas.” Submitted for
the March Meeting of the American Physical
Society, 1991.

Rittenhouse, G., H.l. Smith, J.M. Graybeal, and B.
Meyerson. “A Novel Structure for a Three-
Terminal Superconducting Resonant Tunneling
Device.” Submitted for the March Meeting of
the American Physical Society, 1991.
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Scott-Thomas, J.H.F., M.A. Kastner, S.B. Field,
H.l. Smith, and D.A. Antoniadis. “Conductance
Oscillations of 1-Dimensional Hole and Elec-
tron Gases.” Bull. Phys. Soc. 35: 731 (1990).

Schattenbrug, M.L., K. Li, RT. Shin, J.A. Kong,
and H.. Smith. “Calculation of Soft X-ray
Diffraction from Nanometer-Scale Gold Struc-
tures Using a Finite-Element Time-Domain
Method.” Submitted to the Progress in Electro-
magnetics Research Symposium, July 1991.

Smith, H.l, K. Ismail, and D.A. Antoniadis. “Inves-
tigations of Field-Effect-Controlled Mesoscopic
Structures Fabricated with X-ray Nanolitho-
graphy” Paper presented at the Advanced Het-
erostructure Transistors Conference, December
1990.

Zhao, Y., D.C. Tsui, S.J. Allen, K. Ismail, H.l
Smith, and D.A. Antoniadis. “Spectroscopy of
2-Deg in a Grid Gate Patterned
Heterostructure.” Submitted for the March
Meeting of the American Physical Society,
1991.

Theses

Bagwell, P.F. Quantum Mechanical Transport in
Submicron Electronic Devices. Ph.D. diss.
Dept. of Electr. Eng. and Comput. Sci., MIT,
1990. ~

Meirav, U. Single Electron Charging and Periodic
Conductance Oscillations in Gallium Arsenide
Nanostructures. Ph.D. diss. Dept. of Physics,
MIT, 1990.

Park, S.L. The Anomalous Magnetoresistance of
the Electron Gas in a Restricted Geometry.
Ph.D. diss. Dept. of Physics, MIT, 1990.

Scott-Thomas, J. Conductance Oscillations Peri-
odic in the Charge Density of One-Dimensional
MOSFET Structures. Ph.D. diss. Dept. of
Physics, MIT, 1990.

The, S.C. A Self-Aligned NMQOS Process using

X-ray Lithography. M.S. thesis. Dept. of Electr.
Eng. and Comput. Sci., MIT, 1990.
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Professor Henry I. Smith explains the development of an alignment system for x-ray nanolithography that
should be capable of 100-angstrom precision.
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2.1 Coarsening of Particles on
a Planar Substrate

Sponsor
National Science Foundation

Project Staff
Professor Carl V. Thompson, Yachin Liu

Very small particles on a planar substrate can
exchange material by atoric diffusion of the par-
ticle constituent on the substrate surface. This
generally leads to an increase in the average par-
ticle size and spacing and can aiso lead to the
development of restricted crystallographic orien-
tations. This process ¢an be very important in the
early stages of the formation of a thin film. We
have developed a theory to describe the evolution
of particle sizes and orientations and are testing
this theory by experimentally characterizing particle
coarsening in model systems. We have shown
that Au particles on amorphous SiN membranes
annealed in air undergo a coarsening process
which is descritzd well by the theory for inte+face-
reaction-limited coarsening. We have also shown
that differences in the gaseous ambient strongly
affect the coarsening rate.

2.2 Epitaxial Grain Growth

Sponsors

Nationa! Science Founaction
U.S. Air Force - Office of Scienuii. rnesearch

Project Staff

Jerrold A. Floro, H. Inglefield, Professor Carl V.
Thompson

We have demonstrated that grain growth in poly-
crystalline films on single crystal substrates can
lead to epitaxiai films. This new approach to
obtaining heteroepitaxial films can !ead to ultrathin
films with reduced defect densities compared to
films deposited u.ing conventional techniques. In
epitaxial grain growth, ulirathin polycrystalline
films are deposited on single crystal substrates.
When these polycrystalline films are heated to ele-
vated temperatures, epitaxial grains with low film-
substrate inte: ‘ace energies giow and consume
misoriented grains. Because the initial polycry-
stalline films are deposited at low temperatures,
fully continuous ultrathin films can be obtained.
Conventional Volmer-Weber epitaxy which is
carried out at higher deposition temperatures can
not be used to obtain equivalently thin epitaxial
fiims. We have developed kinetic analyses for
epitaxial grain growth and are testing these ana-
lyses through experiments on model systems,

' Harvard-MIT Heaith Sciences Program, Cambridge, Massachusetts.

2 Thayer Schoo! of Engineering, Dartmouth Coilege, Hanover, New Hampshire.

3 {8M Corporation, Thoinas J. Watson Research Center, Yorktown Heights, New York.
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including Au and Ag films on mica and NaCl.
Experiments on epitaxial grain growth are pro-
viding a means of characterizing the film-substrate
interface energy, as a function of crystal orien-
tation.

2.3 Modeling of
Microstructural Evolution in
Thin Films

Sponsors

Joint Services Electronics Program
Contract DAALO3-89-C-0001
National Science Foundation
U.S. Air Force - Office of Scientific Research

Project Staff

Professor Carl V. Thompson, Harold J. Frost,
Jerrold A. Floro

We are developing analytic models for normal and
secondary grain growth in continuous thin films as
well as particle coarsening in discontinuous films,
The effects of surface or interface energy
anisotropy play especially important roles in these
processes. We have developed computer models
for film formation by crystal nucieation and growth
to impingement under a variety of conditions. We
have shown that topology and geometry of grain
structures strongly depend on the conditions of
film formation.

We have also developed a computer model for
two-dimensional grain growth. This simulation
has been modified to account for the important
effects that the surfaces of a film have on grain
growth. We have shown that when formation of
grain boundary surface grooves leads to stagnation
of normal grain growth, lognormal grain size dis-
tributions with average grain size two to three
times the film thickness resuit. This is in agree-
ment with well-established experimental observa-
tions. We have also successfully modeled
abnormal grain growth caused by anisatropy of the
surface energy of grains.
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2.4 Properties of Grain
Boundaries in Zone Melted
Silicon Thin Films

Sponsor
IBM Corporation

Project Staff

Dr. Paul Evans, David A. Smith, Professor Cari V.
Thompson

We are using zone melting recrystallization (ZMR)
of thin silicon films on oxidized silicon wafers to
prepare thin film bicrystals in order to study the
electronic properties of grain boundaries in silicon.
We are correlating electronic properties with struc-
tural features, as revealed using high resolution
electron microscopy. We have found that in these
samples, (100) tilt boundaries with tilts up to 25.5
degrees are electrically inactive. This surprising
result indicates that even polycrystalline ZMR films
might be useful for silicon-on-insulator (SOl)
majority carrier devices.

2.5 Kinetics of Thin Film
Silicide Formation

Sponsors

Hitachi Corporation
IBM Corporation

Project Staff

Professor Carl V. Thompson, Dr. En Ma, Dr. H.
Miura, King-N. Tu

Currently, there is considerable interest in the use
of refractory metals or refractory metal silicides as
interconnects, as gate materials in MOS devices
and for low contact resistance diffusion barriers at
metal-silicon contacts in integrated circuits. One
method of silicide formation is through the
reaction of metallic thin films with silicon sub-
strates or polycrystalline silicon films. This appli-
cation raises fundamental questions about the rate
and products of thin film metal-silicon reactions.

There are four critical parameters in analysis and
modeling of these reactions: (1) interdiffusivities,
(2) free energy changes, (3) surface energies, and
(4) interface reaction constants. Of these, the first
two parameters are fairly well understood and ;.re-
dictable. The purpose of this project is to develop
a better understanding and predictive capability for
the last two parameters. Surface energies are
being determined through silicide precipitation
experiments and the kinetics of thin film reactions




are being studied through thermal, TEM, and x-ray
analysis of reactions in multilayer thin films.

We have used differential scanning calorimetry,
transmission electron microscopy, electron beam
microanalysis, and thin film x-ray diffractometry to
study the thermodynamics and kinetics of reac-
tions in multilayer thin films. In Pt/amorphous-Si
(Pt/a-Si), Ni/a-Si, V/a-Si and Ti/a-Si multilayers,
amorphous silicides are the first phases to form,
even though these phases are thermodynamically
stable only if crystalline silicide formation is
kinetically suppressed.

We have demonstrated that calorimetric analysis of
multilayer films can be used to detect and analyze
crystalline silicide nucleation during reactions in
multilayers. Evidence for crystal nucleation has
been observed in the cases listed above as well as
in Co/a-Si and Ni/Al multilayers in which crystal-
line phases are the first phases to form. We have
accumulated experimental and theoretical evidence
which suggests that nucleation is preceded by
interdiffusion and that it is the kinetic constraints
of these sequential processes which govern phase
selection during interfacial reactions.

We have also observed explosive reactions in
multilayer metal/a-Si films and fully crystalline
Ni/Al multilayers. These reactions can propagate
in a room temperature ambient at velocities over
20 meters per second. This self-rapid-thermal-
annealing process results in homogeneous films
composed of the stable high temperature product
phase.

2.6 Reliability and
Microstructures of
Interconnects

Sponsors

Joint Services Electronics Program
Contract DAALO3-89-C-0001
Semiconductor Research Corporation

Project Staff

Jaeshin Cho, Harold Kahn, Hai P. Longworth, Pro-
fessor Carl V. Thompson

We are developing new techniques which allow
statistical characterization of failure of contact vias
and interconnects for integrated circuits. We are
using these techniques to correlate failure rates
and mechanisms with microstructures of intercon-
nect lines, contact diffusion barriers and via plugs.
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We are also investigating techniques for contra!
ling microstructures in order to improve contact
and interconnect reliability, especially under condi-
tions which can lead to electromigration.

We have recently shown that in interconnect lines
with uniform microstructures, increasing the grain
size results in an increase of both the median time
to electromigration-induced failure and the
lognormal standard deviation in the time to failure.
The net result, in large populations of lines, is little
or no change in the time to the first failure. We
have explained these results in terms of a “failure
unit model” in which grain boundaries are taken to
be the individual units which are responsible for
the reliability of a line. The successful application
of this model indicates the importance of the prop-
erties of individual grain boundaries in controlling
interconnect reliability.

This interpretation is further supported by the
observation that interconnects with bimodal grain
size distributions (leading to grain size discontinui-
ties) have greatly reduced reliabilities. On the
other hand, lines which are completely free of
grain boundary triple juncticns have greatly
improved reliabilities compared to lines with com-
parable grain sizes but also with triple junctions.
We are now investigating the development of
electromigration-induced damage in lines with
individual grain boundaries of controlied types and
locations. This will allow characterization of the
failure mechanisms and rates for the fundamental
units that control the reliability of interconnect
systems.

2.7 Focused lon Beam Induced
Deposition

Sponsor

IBM Corporation

Project Staff

Dr. John Melngailis, Andrew D. Dubner, Jaesang
Ro, Professor Car! V. Thompson

it is now possible to produce ion beams with
diameters as smail as 500 A. This permits use of
focused ion beams for high spatial resolution
implantation, sputtering and deposition. In prin-
cipal, the latter can be used in integrated circuit
mask repair or high resolution direct writing of
interconnects. We are investigating the mechan-
isms of ion-beam-induced chemical vapor deposi-
tion from metal-bearing gases.
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2.8 Protective Coatings for
Integrated Circuits in an in
vitro Environment

Sponsor
National Institutes of Health

Project Staff
David J. Edell, Professor Cari V. Thompson

We are investigating the use of various coating
materials to prevent Na diffusion into integrated
circuits to be used in biomedical applications. We
are correlating processing conditions, microstruc-
tural characteristics and diffusion barrier properties
to develop standard methodologies for deposition
and characterization of protective coatings.

2.9 Publications
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Crystallization in Nickel !mplanted Amorphous
Silicon Thin Films.” J. Mater. Res. 5. 2133
(1990).

Cho, J., and C.V. Thompson. "Electromigration-
Induced Failures in Interconnects with Bimodal
Grain Size Distributions.” J. Electran. Mater.
19: 1207 (1990).

Clevenger, L.A., and C.V. Thompson. “Explosive
Silicidation in Nickel/Amorphous-Silicon Mul-
tilayer Thin Films.” J. Appl. Phys. 67: 2894
(1990).

Cievenger, L.A., and C.V. Thompson. “Nucleation
Limited Phase Selection During Reactions in
Nickel Amorphous-Silicon Multilayer Thin
Films.” J. Appl. Phys. 67: 1325 (1990).
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Academic and Research Staff

Dr. John Melngailis, Professor Dimitri A. Antoniadis, Mark |. Shepard, Dr. Tao Tao, Professor Carl V.

Thompson, Dr. Xin Xu

Graduate Students
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Technical and Support Staff
Donna R. Martinez

3.1 Focused lon Beam Fabrication

The focused ion beam research program at MIT
has developed around two machines: a high
energy 150 kV system used mainly for implantation
and lithography and a 50 kV system used mainly
for development of processes related to repair of
masks and integrated circuits. The high energy
system includes automated patterning capability
over wafers up to six inches in diameter. Align-
ment of the focused ion beam writing to within
+0.1 um of existing features on a wafer has been
demonstrated. Software has been developed
which permits patterns to be transferred from the
layout system used in the Microsystems Technolo-
gies Laboratory to the focused ion beam machine.
Accordingly, this permits flexible, mixed fabrication
where standard steps have been carried out in the
integrated circuits laboratory at MIT and special
implantation or lithography steps have been carried
out on the focused ion beam system. Similar
mixed fabrication has also been carried out with
Ford Aerospace and with Raytheon Research Lab-
oratory. The ion species available for implantation
include the principal dopants of GaAs and of Si.
The minimum beam diameter available is on the
order of 0.1 um at an ion current of 20 pA. In
many of the implantation projects where the
minimum diameter is not needed, a higher beam
current can be used.

The lower energy 50 kV system has mainly been
used to develop ion induced deposition. This
technique uses a local ambient of a precursor gas,
usually organometallic or metal halide, to permit

1 MIT Lincoln Laboratory, Lexington, Massachusetts.
2 Mitre Corporation, Bedford, Massachusetts.

3 M/ACom, Burlington, Massachusetts.

deposition to be carried out with minimum
linewidth of 0.1 mm. The local patterned deposi-
tion complements material removal by ion milling
and is used to add missing absorber material in the
repair of photomasks and x-ray littography masks
or to rewire local connections in integrated cir-
cuits. Our efforts have focused on gold and
platinum deposition and on understanding the
fundamentals of the process.

3.2 Tunable Gunn Diode

Sponsor

Defense Advanced Research Projects Agency/
U.S. Army Research Office
Contract DAALO3-88-K-0108

Project Staff

Henri J. Lezec, Christian R. Musil, Leonard J.
Mahoney,!" Dr. Alex Chu,2 Larry Chu,® Mark |
Shepard, Professor Dimitri A. Antoniadis, Dr. John
Melngailis

A tunable Gunn diode has been designed and built
using the focused ion beam to implant a doping
gradient in the direction of current flow. The
output frequency of the diode changes from 6 to
23 GHz as the DC bias acress the device is varied.
The output power is in the range of —10 to —15
dBm. The devices have been extensively tested at
M/ACom. Significant power in the second and
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third harmonics has been measured. Using a
special high speed oscilloscope, the waveform of
the output has been observed. It agrees with the
triangular forms predicted by simulations. The
potential applications of the tunable Gunn diode,
which have been identified as a result of those
tests, include collision avoidance radans, electronic
countermeasures, and built-in frequency response
test circuits for GaAs monolithic microwave inte-
grated circuits.

3.3 Light Emission From
Tunable Gunn Diodes

Sponsor

Defense Advanced Research Projects Agency/
U.S. Army Research Office
Contract DAALO3-88-K-0108

Project Staff

Christian R. Musil, Henri J. Lezec, Dr. George W.
Turner,* Leonard J. Mahoney, Professor Dimitri A.
Antoniadis, Dr. John Melngailis

Somewhat surprisingly, we have observed light
emission from the tunable Gunn diodes when they
are oscillating. The light comes only from the rec-
tangular area where the Gunn domain is propa-
gating. As the frequency is changed, the length of
the rectangle changes. The spectrum of the light
is roughly Gaussian with some structure and peaks
at about 1.3 eV, which is below the 1.43 eV
bandgap. The tail of the spectrum extends into the
visible. The mechanism of emission is thought to
be avalance breakdown and the shift in the spec-
trum away from the band gap is attributed to local
heating.

4 MIT Lincoln Laboratory, Lexington, Massachusetts,
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3.4 Effect of Dose Rate on
Activation of Si Implanted in
GaAs

Sponsor

Defense Advanced Research Projects Agency/
U.S. Army Research Office
Contract DAAL03-88-K-0108

Project Staff

Henri J. Lezec, Christian R. Musil,
Shepard, Leonard J. Mahoney,
Woodhouse,* Dr. John Melngailis

Mark |
John D.

The instantaneous current density in focused ion
beam implantation is typically between 0.1 and
3 A/cm? while in conventional broad beam
implantation the current density is in the range of
uA/cm2. We have found that in the case of Si ion
implantation into GaAs this large difference in
current density leads to differences in the proper-
ties of the material. The implantations were gener-
ally carried out at 140 and 280 keV and with doses
varying from 1 x 10'2 to 1 x 10** ions/cm?. SIMS
analysis indicates that the broad beam implants
penetrate somewhat deeper than the focused ion
beam implants. This is thought to be due to the
fact that the high current density of the focused
ion beam causes amorphization to occur at lower
doses than in the broad beam case. Thus chan-
neling would be inhibited for focused ion beam
implantation. In addition, the sheet resistance of
conventionally implanted material saturates at a
dose of about 103 ions/cm? while for the focused
ion beam implants the sheet resistance (after
anneal) actually decreases above 10'3 ions/cm?.
This has been further examined by Hall sectioning.
The drop-off in sheet resistance appears to be
mainly due to a lack of activated carriers above
doses of 10'3ions/cm?, i.e., in the case of broad
beam implantation the carrier density saturates at
108 ions/cm3, while for focused ion beams it
actually drops. Thus for practical applications the
focused ion beam dose should be kept below
10"3 ions/cm?, or the beam should be scanned
rapidly over the area implanted.




3.5 Focused lon Beam
Implantation of GaAs MMICs
and MESFETs

Sponsor

National Science Foundation
Grant ECS 89-21728

Project Staff

Kenneth S. Liao, Christian R. Musil, Mark I
Shepard, Dr. Tom Kazior,5 Dr. Robert Mozzi,5 Dr.
John Melngailis

A potentially cost effective application of focused
ion beams is the implantation of GaAs monolithic
microwave integrated circuits (MMICs). In some
cases MMICs require as many as five implantation
steps to be carried out during fabrication, and the
area implanted in each step may be small. With a
focused ion beam system, all implantations can be
carried out in one step. Because high resolution is
not needed and a high current ion beam can be
used, the focused ion beam implantation times are
expected to be acceptable. The first device pat-
terns have been transferred from Raytheon to MIT,
the alignment capability verified, and the first
devices implanted.

3.6 Doping Gradients in GaAs
MESFETs

Sponsor

Defense Advanced Research Projects Agency/
U.S. Army Research Office
Contract DAAL-03-88-0108

Project Staff

Christian R. Musil, Leonard J. Mahoney, Mark |.
Shepard, Professor Dimitri A. Antoniadis, Dr. John
Melngailis

Focused ion beam implantation permits the dose
to be varied from point to point with a resolution
of 0.1 um. This may permit device optimization.
GaAs MESFETs with graded dopant distributions
under 0.5 um-long gate electrodes have been fab-
ricated. When compared with the conventional
constant channel implant, increasing the doping
towards the source is found to significantly
increase transconductance (up to 60%) with little
effect on gate capacitance or drain current.
Reversing the gradient has the potential to

5 Raytheon Research Laboratory, Lexington, Massachusetts.
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increase power handling capabilities by increasing
the gate-drain breakdown voltage. Carrier
dynamics including Gunn oscillations have been
simulated using a nonstationary, hydrodynamic
solution to the Boltzman transport equation which
takes into account short channel effects. These
simulations have been effectively used to visualize
the influence of doping gradients and formation of
domains. Using the focused ion beam to also
expose resist and define the gate, gate lengths
dewn to 0.1 um have been fabricated.

3.7 CMOS Transistors
Fabricated by Focused lon
Beam Implantation and
Lithography

Sponsor

Defense Advanced Research Projects Agency/
U.S. Army Research Office
Contract DAAL-03-88-0108

Project Staff

James E. Murguia, Mark |. Shepard, Professor
Dimitri A. Antoniadis, Dr. John Melngailis

Focused ion beam implantation has been used to
dope the channels of both NMOS and PMOS
transistors. A large number of geometries and
doses have been fabricated and tested. For
example, in NMOS devices, implantation of a line
dose of boron adjacent to the source causes the
maximum electric field to appear next to the
source rather than next to the drain. This results in
a 20% increase in transconductance and a more
than ten-fold decrease in output conductance.
The result of the boron implant is a 20-fold
increase in open circuit gain. One of the key fea-
tures of this work was the precise (+0.1 um)
alignment of the focused ion beam implant to the
structures fabricated by conventional optical litho-

graphy.

To fabricate short gates in the Integrated Circuits
Laboratory, a process has been developed which
permits combined focused ion beam lithography
and optical lithography. The focused ion beam is
used only to expose the gate, while all of the other
exposures are carried out with conventional litho-
graphy. Standard KTi-820 resist is used which is
positive in optical lithography but negative when
exposed by the ion beam (i.e., the exposed area
does not develop out). With this process, transis-
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tors with gate lengths down to 0.2 um have been
made on top of an optical lithography process
which supports minimum dimensions of 1.75 um.

3.8 Charge Coupled Devices
with Focused lon Beam
Implanted Doping Gradients in
the Channel

Sponsors

Defense Advanced Research Projects Agency/
U.S. Army Research Office
Contract DAAL-03-88-0108

MIT Lincoln Laboratory
Innovative Research Program

Project Staff

Dr. Analisa L. Lattes,® Dr. Scott C. Munroe,® James
E. Murguia, Mark |. Shepard, Dr. John Melngailis

The main factor that determines the charge transfer
efficiency and the maximum clocking speed of
CCDs is the time taken by the residual charge to
diffuse from one well to its neighboring, lower
potential well. This is particularly true in longer
channel CCDs. If a slight doping gradien: 1s
implanted in the direction of current flow, then a
built in electric field is created which will speed up
the charge transfer. CCDs with 26-um-long chan-
nels were fabricated in which the doping gradient
was created with an As implant dose varying from
0 to 1.5x 10" ions/cm2. The gradient implanted
CCDs had a maximum clocking frequency of 41
MHz while the uniformly implanted devices had a
maximum clocking frequency of only 2.6 MHz.
Such long channel CCDs are used in infrared
detectors and in some signal processing applica-
tions.

3.9 Focused lon Beam
Lithography
Sponsor
SEMATECH
Contract 90-MC-503
Project Staff

Jeung-Soo Huh, Haralabos Papadopoulos, Mark |.
Shepard, Dr. John Melngailis

6 MIT Lincoln Laboratory, Lexington, Massachusetts.
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A number of resists have been exposed with Be
and Si ions at various energies to determine their
suitability for focused ion beam lithography. The
resists included PMMA, Microposit 2400, HEBR,
and KTl 820. Both Microposit and HEBR act as
positive resist, for low doses but become negative
resists at higher doses due to cross linking. Unfor-
tunately, the window between the positive and
negative operation is only about a factor of 2,
making them unsuitable for most applications. KT!
acts as a negative resist and features down to
0.2 um line width have been successfully
exposed. PMMA, in which we have in the past
succeeded in exposing 0.05 um wide features,
acts as a positive resist and was tested here for its
sensitivity and ion penetration range. Be ions at
200 keV expose PMMA to a depth of 1.2 um,
while Si ions at 200 keV expose PMMA to a depth
of 0.5 um. We are in the process of testing other
resists such as Ray PF. Preliminary results indicate
that it acts as a positive resist with a factor of
about 10 higher sensitivity than PMMA.

3.10 Focused lon Beam
Exposure Combined With
Silylation

Sponsor

SEMATECH
Contract 90-MC-503

Project Staff

Dr. Mark Hartney,® Dr. David C. Shaver,6 Mark I.
Shepard, Jeung-Soo Huh, Dr. John Meingailis

n the silylation process the top fayer of a resist
such as SAL 601 from Shipley is cross linked by
exposing it with a dose of ions. The resist is then
exposed to a silylating agent in gaseous form
which diffuses onto the surface where it is not
cross linked. The resist is “developed” by reactive
ion etching in oxygen which removes the resist
that had been exposed by the ions. This process
is sketched out in figure 1. Since only the top
surface of the resist needs to be cross linked, the
range of ions is unimportant. As a result, we have
successfully used Be, Si, Au and Ga ions. The
minimum dose needed to expose is
1 x 10’2 ions/cm? for the heavier ions, i.e., about
an order of magnitude lower than required for
PMMA. Thus Ga ions can be used which have a
current density in the beam an order of magnitude
higher than the lighter ions. Proximity effects were
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Figure 1. (Top) Schematic of the silylation process.
Where the ions strike, the resist becomes cross linked,
impeding the silylation. Reactive ion etching then
removes the unsilylated resist. (Bottom) Series of
scanning electron micographs of the resist features.
First, top view of lines exposed with 240 keV Be" " ions
showing smooth sidewalis and lines of 0.08 um and
0.1 um width. Second, resist lines of about 0.15 um
width in profile exposed with 240 keV Au ions. The
resist sidewalls are almost vertical. Third, profiles of
resist lines also exposed with Au ions at 240 keV. Line
widths are varied from 0.2 ym to 0.4 um from left to
right.

Chapter 3. Focused lon Beam Fabrication

also found to be absent, and features down to
0.08 um linewidth were exposed. Because of its
high sensitivity and potentially fast writing speed,
focused ion beam exposure combined with
silylation may be preferable to the more commonly
used electron beam lithography.

3.11 Focused lon Beam Induced
Deposition of Platinum

Sponsors

Micrion
Contract M08774

U.S. Army Research Office
Contract DAALO3-87-K-0126

Project Staff

Dr. Tao Tao,
Meingailis

William Wilkinson, Dr. John

Platinum has been deposited using a precursor gas
of (methylcyclopentadienyl) trimethyl platinum
and creating a local gas ambient using a capillary
feed tube directed at the surface where the ion
beam is incident. Pt is of interest for x-ray mask
repair because it is a high density material. It also
has advantages for integrated circuit repair since it
is compatible with Si processing and has shown a
relatively low resistivity. We have used Pt to
rewire circuits by first milling contact vias through
the passivation layer and then depositing a
“jumper” of Pt to connect two metal lines. Since
in circuit repair, and even more so in x-ray mask
repair, deposition will need to be performed over
existing topography, the deposition rate as a func-
tion of the angle of incidence is important.
Accordingly, we have measured the deposition as
a function of angle of incidence by scanning the
ion beam across a glass fiber and measuring the
thickness of the deposit at various angles using a
scanning electron microscope (SEM). As
expected, the deposition yield (number of atoms
deposited/incident ion) increases sharply as
grazing incidence is approached. See figure 2.
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Figure 2. Measurement of focused ion beam deposition yield as a function of incidence angle. The resuits were
obtained by depositing over a pyrex fiber 3 um in diameter as shown schematically (on the left). The yield is found
to increase as the angle of incidence approaches 90°. Incidentaily the sputtering yield similarly increases as grazing

incidence is approached.

3.12 lon Induced Deposition of
Gold, Results and Models for
the 2 to 10 keV Energy Range

Sponsor
1BM Corporation

Project Staff

Andrew D. Dubner, Dr. Alfred Wagner,” Professor
Carl V. Thompson, Dr. John Melngailis

To study the mechanism of ion induced deposi-
tion, a UHV apparatus was constructed with a 2 to
10 kV ion source directed at a quartz crystal micro-
balance acting as the sample. The adsorption of
the precursor gas, dimethylgold hexaflurorace-
tylacetonate, the deposition rate of gold and the
milling rate of gold could be measured accurately
and quickly, in-situ. Data was taken for all of the
noble gas ions from He to Xe at energies between
2 and 10 kV. Numerous observations pointed to
the fact that the process by which adsorbed gas
molecules are dissociated is substrate mediated.
Two models of the process, the thermal spike and
the collision cascade model, were analyzed and
used to fit the observed data. In the thermal spike
model, the instantaneous temperature rise sur-
rounding the point of ion impact is calculated and

assumed to cause the dissociation. in the Monte-
Carlo collision-cascade model, the excitation of
individual surface atoms is calculated and assumed
to cause the dissociation. The collision-cascade
model fits the observed data well and supports the
view that this is the atomic process by which ion
induced deposition occurs.

3.13 lon Induced Deposition of
Gold, Results and Models for
the 50 to 100 keV Energy Range

Sponsors

Micrion
Contract M08774

U.S. Army Research Office
Contract DAALO3-87-K-0126

Project Staff

Jaesang Ro, Professor Carl V. Thompson, Dr. John
Melngailis

The ion induced gold deposition yield and the
sputter yieid have been measured using a special
gas cell apparatus constructed to fit in the
endstation of an implanter. Noble gas ions were
used. The film composition and microstructure

7 |1BM Corporation Research Division, Yorktown Heights, New York.
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have been measured under various conditione
The heavier mass ions Kr to Xe yield films that are
80% Au and 20% carbon, while the lower mass
ions yield films that are near 50-50. Preliminary
calculations indicate that the differences of disso-
ciation yield on ion mass and ion energy appears
to fit the collision cascade model. In addition, the
dissaciation and sputter yield has been calculated
as a function of ion incidence angle. The results
appear to fit the observed increases in yield as
grazing incidence is approached.
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Professor Sylvia T. Ceyer conducts molecular beam surface scattering experiments in order to analyze the
chemistry that occurs during the plasma etching of silicon and gallium arsenide.
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4.1 Dynamics of the Reaction
of Fluorine with Si(100)

Sponsor

Joint Services Electronics Program
Contract DAAL03-89-C-0001

Project Staff

Professor Sylvia T. Ceyer, Dr. Kenneth B. Laughlin,
Dr. Yulin Li, Dr. David P. Pullman, Michelle T.
Schulberg, Gerald R. Cain

It has long been believed that molecular fluorine,
F., would not react with or etch Si. To overcome
this problem, scientists used a plasma environ-
ment. Because the plasma dissociates the mole-
cular F; or other fluorine containing molecules into
F atoms, it was believed that these species are
responsible for reacting with the Si surface to form
the volatile product SiF,. While atomic fiuorine, F,
certainly does react with Si, we have shown that,
contrary to popular belief, molecular F;, also reacts
with Si(100) with very close to unity probability
{~ 0.95).

With support from the Joint Services Electronics
Program, we used our molecular beam-ultrahigh
vacuum surface scattering apparatus to direct a
well-characterized, monoenergetic beam of F;
molecules at a Si(100) surface. Not only have we
shown that fluorine reacts via the well-known
mechanism in which both F atoms of the incident
F, molecule adhere to the surface (known as dis-
sociative chemisorption), but also that some of the
incident F, reacts so that only one of the F atoms
sticks to the surface while the other atom is scat-
tered from the surface. This latter mechanism is
called an abstraction reaction and, while its exist-
ence has been predicted theoretically, we were the
first group to demonstrate it experimentally.

In essence, the dangling bonds on the Si surface
strip off one of the F atoms as the F, molecule flies

by it. We were able to observe this mechanism in
the angular and time-of-flight distribution meas-
urements only as the direct consequence of the
high resolution, the high signal to noise, and the
collisionless environment of the detector in our
apparatus. This mechanism could not have been
observed with any other existing apparatus either
custom-built or commercially available. As
expected, the surface temperature has no effect on
the abstraction process, but the incident energy of
the F, molecule does determine the branching ratio
between F atom abstraction and dissociative
chemisorption.

Presently, we are continuing our angular and time-
of-flight (energy) distribution measurements of the
scattered F and F;, signal to more accurately quan-
tify this ratio as a function of the kinetic energy of
the incident F; molecule. These accurate measure-
ments are necessary because the F atom
abstraction mechanism has implications for modeils
of the plasma environment during etching reac-
tions. The abstraction of F, by the Si surface pro-
vides an additional source of F atoms, in addition
to the known source of F atoms from the gas
phase decomposition of F; in the plasma. There-
fore, this source of reactive species must now be
included in a quantitative mode! of the plasma
etching environment.

Publications

Ceyer, S.T. "New Mechanisms for Chemistry at
Surfaces.” Sci. 249:133 (1990).

Ceyer, S.T., D.J. Gladstone, M. McGonigal, and
M.T. Schulberg. “Molecular Beams: Probes of
the Dynamics of Reactions on Surfaces.” In
Physical Methods of Chemistry. 2nd ed. Eds.
B.W. Rassiter, J.F. Hamilton and R.C. Baetzold.
New York: Wiley, 1991. Forthcoming.

Gladstone, D.J., M.T. Schulberg, K.B. Laughlin, M.
McGonigal, and S.T. Ceyer. “"Design of a Power
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Supply for Resistive Heating of Semiconductor
Crystals.” In preparation.

4.2 Dynamics of the Reaction
of Fluorine with Fluorinated
Si(100)

Sponsor

Joint Services Electronics Program
Contract DAAL03-89-C-0001

Project Staff

Professor Sylvia T. Ceyer, Dr. Kenneth B. Laughlin,
Dr. Yulin Li, Dr. David P. Pullman, Michelle T.
Schulberg, Gerald R. Cain

While the reaciion probability of F, with a clean
Si(100) surface is near unity, we have shown that
the probability for reaction decays to zero as the
fluorine coverage increases to one monolayer.
That is, F; is not unreactive with Si but it is
unreactive with a fluorinated surface of Si. This
lack of reactivity with the fluorinated Si surface is
the source of the misconception that F, does not
react with Si. The lack of reactivity with the
fluorinated surface preciudes the build up of a suf-
ficient layer of fluorine to produce the volatile etch
product, SiF;. However, we have shown that if
the xinetic energy of the incident F2 molecule is
increased above a threshold value of 6 kcal/ mol
( ~ 0.25 eV), the reaction probability of F, with a
fluorinated Si surface increases linearly with the
normal component of kinetic energy. The
enhancement in the reaction probability allows
enough fluorine to be deposited to form the vola-
tile etch product, SiF,;. Therefcre, we have
observed efficient etching of Si(100) at 300K for
an incident F, normal kinetic energy of 15
kcal/mot (0.5 eV). This energy is two orders of
magnitude below the energies used in plasmas.
This result establishes that Si can be etched with
low energies using molecular beam technigues
without the use of plasmas. The low energies
afforded by molecular beam techniques prevent
the introduction of radiation damage or defects
into the Si lattice, which is a typical result of
plasma etching.

Publication

Schulberg, M.T. The Reaction of Molecular
Fluorine with Silicon (100): Adsorption,
Desorption, and Scattering Dynamics. Ph.D.
diss., Dept. of Chem., MIT, 1990.

36 RLE Progress Report Number 133

4.2.1 New Mechanisms for Surface
Processes

Sponsors

MIT Energy Laboratory
Synthetic Fuels Center
National Science Foundation
Grant CHE 85-08734
Petroleum Research Fund

Contract 19014-AC5

Project Staff

Professor Sylvia T. Ceyer, Dr. Kevin J. Maynard,
Andrew D. Johnson, Sean P. Daley

With partial support from the Joint Services Elec-
tronics Program (JSEP), we have found th.t the
kinetic energy of an inert gas atom incident on
CH, physisorbed on Ni(111) activates the disso-
ciative chemisorption of CH, just as the transla-
tional energy of the CH4 molecule incident on the
surface. This pro:ess occurs because the impact
of the inert gas 3tom pounds the molecularly
adsorbed CH, into the distorted shape of the tran-
sition state that leads to dissociation. The products
of the dissociative chemisorption event after colli-
sion induced activation, identified by high resol-
ution electron energy loss spectroscopy as an
adsorbed methyl radical and an adsorbed hydrogen
atom, are identical to those observed after transla-
tional activation. This observation represents the
discovery of a new mechanism for dissociative
chemisorption: collision induced dissociation of
adsorbates. These results for translational and col-
lision induced activation as well as the transia-
tional activation of F, on fluorinat:d Si(100)
signa!l the demise of the long-standing and perva-
sive notion in surface science that the surface is
the all-important and sole source of energy in acti-
vating the dissociation of a molecule at or
adsorbed on a surface.

With the goal of uncovering the detailed mech-
anism and dynamics of this new process, the
absolute cross section for collision inducer disso-
ciation of CH,; physisorbed on Ni(111) > meas-
ured over a wide range of kinetic energies and
angles of incidence of a Ne, Ar and Kr atom beam.
Unlike the translational activation of CHs, which
exhibits strict normal energy scaling, the collision
induced dissociation cross section displays a
complex dependence on the energy of the
impinging inert gas atoms characteristic of neither
normal nor tota. energy scaling. A two-step,
dynamic model for the mechanism for collision
induced dissociation provides excellent agreement
with the energy and angular dependence of the
cross section for dissociation. The model shows
that the origin of the breakdown in normal energy
scaling in the inert gas kinetic energy is the range




of impact parameters which contribute to the dis-
sociation cross section. By properly summing over
the impact parameter, the model calculations allow
the previous translational activation results to be
mapped onto the cross sections for collision
induced dissociation.  In this way, translationa!
activation and collision induced activation are
shown to be completely consistent. They are
simply different ways to provide the energy to
deform the CH, molecule but, once deformed, the
mechanism for the dissociation is the same.

In competition with collision induced dissociation,
another process, collision induced desorption,
occurs. Previousiy, the desorption of adsorbates
by the impact of an inert, neutral species has been
predicted, but ours was the first experimental
observation of this process. Specifically, the abso-
lute cross section for collision induced desorption
of CH,; physisorbed on Ni(111) is measured as a
function of the kinetic energy and incident angle
of an Ar beam. The mechanism for desorption is
shown to involve a direct and impulsive,
bimolecula- collision between Ar and CH;. Mole-
cular dynamics simulations show that the compli-
cated energy and incident angle dependence of
the desorption cross section are the consequence
of the competition between the decrease in the
energy transferred in the normal direction and the
increase in the collision cross section as the inci-
dent angle increases. The results of detailed tra-
jectory calculations also assess the minor roles of
multiple and mirror col'isions, normal energy
accommodation and neighboring malecules.

The impact of the observations of collision
induced chemistry and desorption for under-
standing surface chemistry in a high pressure envi-
ronment is potentially large because, in a high
pressure environment, an adsorbate-covered
surface is continually bombarded by a large flux of
high energy molecules. Therefore, having shown
that collision induced processes occur, we believe
that no mechanism for surface reactions under
high pressure conditions including those that
occur in plasma env.ronments, can now be consid-
ered complete without an assessment of the
importance of collision induced processes as a
major reaction step. In fa~t, there are many unex-
plained observations in the literature of effects of
inert gases on the rates of high pressure, heteroge-
neous catalytic reactions. It is now important to
reinvestigate these reactions in light of the know-
ledge that these collision induced processes occur.
Collision induced chemistry and desorption are
additional reasons why surface chemistry at high
pressures is often very differen. from the chemistry
in UHV environments.

Knowledge of these microscopic origins for the
pressure gap has allowed us to develop a scheme
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to bypass the high pressure requirement by simply
raising the energy of the incident molecule or col-
li=*onally inducing dissociation. We have used the
former trick to synthesize and identify spectio-
scopically by high resolution electron energy loss
spectroscopy, an adsorbed CHj radical for the first
time under low pressure, ultral.igh vacuum condi-
tions. More recently, higher resolution and higher
sensitivity spectra of CH;, CH;D and CD; have
confirmed a Fermi resonance between the over-
tone of the asymmetric deformation and the low
frequency or “soft” C-H symmetric stretch. These
spectra have also allowed a symmetry analysis to
be carried out that establishes that the CH; species
is adsorbed with C;, symmetry in a threefold
hollow site with the hydrogens either eclipsed over
or staggered between the surrounding Ni atoms.

Because of our unique ability to produce a CH;
species, we have been able to probe its stability.
Above 150 K, CH; begins to dissociate to
adsorbed CH. An unambiguous identification of
the snectrum as that of CH is only possible
because of the nich resolution (32cm~! FWHM)
and high sensitivity (5 x 10% counts/sec for the
elastically scattered electron beam) of our spectro-
meter. This assignment is also supported by the
spectra measured after the thermal decomposition
of the mixed isotope CH,D. This work rectifies a
previous assignment of a spectrum in the literature
to a CH species.

Our ability to bypass the high pressure requirement
has allowed us to carry out a high pressure
reaction at low pressure: the synthesis of CgHs
from Ct!s. In addition, because this reaction is
carried out at low pressure, we have beer able to
identify the adsorbed intermediates by high resul-
ution electron energy loss spectroscopy and to
determine the mechanism of this rearction. The
synthesis is effected by exposing a monolayer of
CH, physisorbed on Ni(111) at 47 K to a beam of
Kr atoms. The collision of the incident Xr with the
rhysisorbed CH, distorts the CH; from its
tetrahedral configuration, thereby lowering the
barrier to dissociation into an adsorbed methyl
radical and an adsorbed hydrogen atom. As the
surface temperature is raised to 230 K, all the
adsorbed CH,; dissociates to CH and the CH
recombines to form adsorbed C;H,. Some of the
C,H, trimerizes to adsorbed C¢Hs and at 410 K and
425 K, respectively, the atomically adsorbed
hydrocgen desorbs as H, and some of the
chemisorbed C(Hg desorbs. The gas phase
benzene is detected mass spectrometrically in a
thermal desorption experiment. These data also
provide mechanistic information useful 1o the pos-
sible extrapolation of this synthesis from molecular
beam-UHV environments to more practical condi-
tions
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5.1
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The main goal of this project is to determine the
responses of electronic materials to input signals
which are not only fast (i.e., pulses of short dura-
tion) but also high in repetition rate (i.e., many
short pulses in rapid succession) as is directly rele-
vant to ultrafast electronics applications. This is
accomplished through direct measurement using
terahertz-frequency sequences of femtosecond
pulses. The responses are heavily dependent on
electron-phonon interactions whose strength can
be determined.

5.2 High Repetition-rate
Signals and Resonant
Responses of Electronic
Materials

Much of the current work in ultrafast spectroscopy
of electronic materials involves irradiation of the
sample with a single femtosecond pulse followed
by probing of the sample’s time-dependent
response. This has taught us a great deal about
the fundamental properties and ultrafast dynamica!
responses of semiconductors, metals, and, more

1 Bell Communications Research (Bellcore).

recently, superconductors. What does this type of
spectroscopy tell us about the performance of the
material in a real ultrafast device?

Most uitrafast signal processing and communi-
cations applications involve not just one very fast
signal followed by a long waiting period, then
another isolated very fast signal, another long
waiting period, etc. The main purpose of devel-
oping ultrafast devices is to make possible high-
density signal processing, i.e., processing of very
high (terahertz) repetition rate signals. For a
material to be appropriate for this type of applica-
tion, its response to terahertz-frequency signals
must be suitable. Usually “suitable” means fast,
without long-lived or spurious components.

Ultrafast spectroscopy generally measures material
responses to single, isolated ultrafast optical
signals. Certainly, if the response to this kind of
signal is unsuitable (slow, or a fast initial response
with substantial slow “trailing edge” components),
then the material can be ruled out for many
ultrafast device applications. However, successful
performance in this type of test does not ensure
successful response to high-density signal inputs
of interest in real ultrafast devices. How can we
use spectroscopy to provide a better “real-world”
test of material performance?

It is now possible to generate complex terahertz
frequency signals through femtosecond “pulse-
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shaping” techniques? developed at Bell Communi-
cations Research (Bellcore). Recognizing the
importance of these techniques for ultrafast elec-
tronic materials characterization, we worked in col-
laboration with Bellcore scientists to conduct the
first spectroscopic experiments in which material
responses to terahertz-frequency signals were
recorded.? The experiments showed how a crystal-
line solid could give a very fast response to a
single ultrafast input signal, with minimal “trailing
edge,” and vyet give a clearly unacceptable
response to a terahertz-frequency sequence of
input signals. The sample showed a “spurious”
response (due to lattice vibrations) with an ampli-
tude that was very small after one input signal, but
which was amplified by successive input signals in
the sequence. After the terahertz-frequency
sequence was over, the spurious signal dominated
the response! This signal was amplified by an
“impulsive” driving force on the lattice vibrations
exerted by each of the successive input signals.
The mechanism for this force, "impulsive stimu-
lated Raman scattering,” was discovered and elu-
cidated with earlier RLE support.4

Our initial experiments on organic molecular crys-
tals, supported through RLE, received wide pub-
licity through publication (by us and by
journalists) in Science,3 Physics News in 18905
Optics News® Science News,” Chemistry and
Industry.® Chemical and Engineering News.® and
other “semi-popular” as well as technical

journals.’® We have now imported the Bellcore
technology into our own lab, as illustrated in
figure 1. The figure shows a terahertz repetition-
rate sequence of femtosecond pulses generated in
our lab using the pulse-shaping method developed
at Bellcore.

Our current experiments are focused on semicon-
ductors and high-Tc superconductor materials for
which the results will be of immediate practical
importance. We expect very substantial “spurious”
responses to terahertz-frequency frequency inputs
in semiconductor multiple-quantum-well struc-
tures due to lattice resonances associated with the
layer thicknesses. Similarly, in “"quantum dot”
structures formed by semiconductor clusters, reso-
nances associated with the cluster size will likely
lead to spurious responses to high-density input
signals. The size of these responses will probably
be large due to strong electron-phonon inter-
actions in semiconductors. High-Tc superconduc-
tors have recently been show/n to have very strong
electron-phonon interactions as well, with specific
lattice phonons coupling strongly to the ilow-
energy electronic continuum. We expect that
these materials too will show important responses
to high-density signals which are not apparent
when an isolated, ultrafast signal is used.

In addition to providing a direct test of material
performance in ultrafast device applications, the
experiments permit characterization of the

2 A.M. Weiner, J.P. Heritage, and E.M. Kirschner, “High-resolution Femtosecond Pulse Shaping,” J. Opt. Soc. Am.

8 5(8): 1563-1572 (1988).

3 A M. Weiner, D.E. Leaird, G.P. Wiederrecht, and K.A. Nelson, "Femtosecond Pulse Sequences Used for Optical
Manipulation of Molecular Motion,” Science 247: 1317-1319 (1990).

4 For a recent review see: K.A. Nelson and E.P. ippen, "Femtosecond Coherent Spectroscopy,” Adv. Chem. Phys.

75:1-35 (1989).

5 A.M. Weiner, D.E. Leaird, G.P. Wiederrecht, and K.A. Nelson, “Femtosecond Optical Control Over Molecular
Motion,” in Physics News in 1990, ed. P.F. Schewe (New York: American Institute of Physics, 1990), pp. 25-26.

6 A.M. Weiner, D.E. Leaird, G.P. Wiederrecht, and K.A. Nelson, "Femtosecond Multiple Pulse Impulsive Stimulated
Raman Scattering,” Opt. News 15(12): 29-31 ("Optics in 1989" section).

7 "Sculpting Light to Maneuver Molecules,” Sci. News 137(14): 223 (1990).

8 “Molecule Motions,” Chem. Ind. News 7. 202 (1990).

9 “Lasers Manipuiate Molecular Motion,” Chem. Eng. News 68(12): 21 (1990).

10 K.A. Nelson, “Impulsive Stimulated Raman Scattering with Single-pulse and Muitiple-pulse Excitation,” in Pro-
ceedings of the 12th International Conference on Raman Spectroscopy. ed. J.R. Durig and J.F. Sullivan
(Chichester: Wiley, 1990), pp. 19-22; A M. Weiner, D.E. Leaird, G.P. Wiederrecht, M.J. Banet, and K.A. Nelson,
"Spectroscopy with Shaped Femtosecond Pulses: Styles for the 1990s,” in Picosecond and Femtosecond Spec-
troscopy from Laboratory to Real World, ed. K.A. Nelson (Bellingham, Washington: SPIE, 1990), SP/E Proc. Ser.
1209: 185-197 (1990); AM. Weiner, D.E. Leaird, G.P. Wiederrecht, and K.A. Nelson, “Femtosecond Muitiple-
pulse Impulsive Stimulated Raman Spectroscopy,” J. Opt. Soc. Am. 8, forthcoming.
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Figure 1.

A 2.1-terahertz repetition rate pulse sequence produced through pulse-shaping techniques.

The

responses of electronic materials to high-density signals of this type are examined to provide a realistic test of their

performance characteristics in ultrafast device applications.

electron-phonon interactions of the samples.
These are important in mediating carrier mobility at
different temperatures (i.e., different levels of
phonon excitation). In high-Tc superconductors,
the mechanism for strong electron-phonon cou-
pling and its importance in superconductivity are
not well understood. Our experiments may resolve
these issues since they provide a unique opportu-
nity to examine the effects of specific phonon
modes on electronic energies.

As of November 1, 1990, this work is no longer
sponsored through the RLE Joint Services Elec-
tronics Program. Support for our work on semi-
conductor and superconductor responses to
terahertz frequency signals is currently being
sought.
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Professor Leslie A. Kolodziejski's research is focused on the fabrication of semiconductor lasers based on
/1-VI compounds. (Photo by Paul McGrath)
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6.1 Chemical Beam Epitaxy
Facility

Sponsors

3M Company Faculty Development Grant
AT&T Research Foundation
Special Purpose Grant
Defense Advanced Research Projects Agency
Subcontract 216-25013 and 542383
Joint Services Electronics Program
Contract DAAL03-89-C-0001
National Science Foundation
Grants ECS 88-46919 and ECS 89-05909
U.S. Navy - Office oi Navai Research
Contract NO00O14-88-K-0564

Our new laboratory for the chemical beam epitaxy
(CBE) of both {I-VI and IlI-V compound semicon-
ductors finally began to take the form of a working
research facility in 1990. The substantial labora-
tory renovation was completed in February; the
CBE system hardware was delivered in March and
installed throughout most of the summer; ZnSe
was deposited onto GaAs substrates in early
August. However, the modular CBE system is not
complete yet. We are anticipating delivery of the
analytical/metalization chamber and a
I11-V-dedicated gas source molecular beam epitaxy
(GSMBE) system. Both chambers will be
attached to the periphery of the ultrahigh vacuum
(UHV) transfer chamber. Figure 1 shows the
system footprint complete with all chambers which
are currently expected. In the future, we plan to

add an in situ patterning chamber for further pro-
cessing of the samples prior to removal from the
UHV environment. The analytical metalization
chamber will contain Auger Electron Spectraoscopy,
reflection high energy electron diffraction, electron
beam evaporators for metals, and ports for photon
illumination of the sample. The GSMBE system
will be dedicated to the growth of arsenides,
phosphides, and antimonides; solid elemental
sources of In, Ga, Sb and Al will be utilized with
gaseous hydrides of As and P. The chamber will
be employed for the fabrication of sophisticated
quantum-effect electronic devices, a variety of
optoelectronic devices, and advanced II-VI/III-V
multilayered heterostructures.

6.2 Metalorganic Molecular
Beam Epitaxy (MOMBE) of
ZnSe

Sponsors

Charles Stark Draper Laboratories
Contract DL-H-418484

Defense Advanced Research Projects Agency
Subcontract 542383

Joint Services Electronics Program
Contract DAAL-03-89-C-0001

National Science Foundation
Grant ECS 88-46919

U.S. Navy - Office of Naval Research
Contract N00014-88-K-0564

1 Department of Electronics, Kanazawa Institute of Technology, Kanazawa, Japan.

2 Physics Department, University of Puerto Rico, Rio Piedras, Puerto Rico.
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Figure 1. Layout of the CBE laboratory showing the footprint of the modular UHV system. The five chambers are
the introduction, transfer, anatytical/metalization, 1i-VI CBE reactor, and II-V GSMBE reactor. Also indicated in the

drawing is the wet chemical station for substrate preparation.

The 1I-VlI semiconductor 2ZnSe is currently
receiving considerable attention due to the recently
reported success of p-type doping. Once ZnSe is
successfully doped, both n- and p-type, various
optical devices such as laser diodes, optical
modulators, etc.,, can take advantage of the
2.67 eV bandgap to provide operation in the
blue/blue-green portion of the spectrum. The
most successful n-type dopant has been Cl with
10" electron carrier concentrations reported for
molecular beam epitaxy (MBE) growth. Thus far,
incorporation of Li has been demonstrated to
result in p-type ZnSe. Electrical measurements to
confirm the presence of holes are complicated due
to the small hole concentrations and the problem
associated with forming ohmic contacts to p-type
material. However, pn junctions formed in ZnSe
have emitted blue light at room temperature. Due
to significant problems of Li interdiffusion, investi-
gations are currently focusing on incorporating
dopant species other than Li to provide shallow
acceptors. A potential candidate is nitrogen,
although this volatile atom is difficuit to incorpo-
rate due to its small sticking coefficient and stable
dimer bonding.

Our objective is to study controlled substitutional
doping of ZnSe, both n- and p-type, by employing
the growth technique of chemical beam epitaxy.
CBE offers many advantages compared to MBE or
metalorganic chemical vapor deposition and
emphasizes the use of gaseous sources in an
ultrahigh vacuum environment. In the CBE growth
technique, the gaseous sources which are utilized
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are both hydrides and metalorganics. It is anti-
cipated that precise flux contro! of each specie via
mass flow control of the gas will be a significant
advantage in the growth of the high vapor pres-
sure [1-VI compounds.

We have grown ZnSe thin films on GaAs bulk sub-
strates by metalorganic molecular beam epitaxy
(MOMBE). MOMBE differs from CBE due to the
absence of the gaseous hydride sources. The
metalorganic gaseous sources which have been
employed at present are diethylzinc (DEZn) and
diethylselenide (DESe). In the growth exper-
iments, the metalorganics are “cracked” or
thermally decomposed prior to impingement onto
the GaAs. The Zn and Se atoms are removed from
the hydrogen and carbon atoms to allow the use
of a lower growth temperature and to more closely
approximate the MBE growth approach.

Figure 2 shows the reflection high energy electron
diffraction pattern obtained from a 500A ZnSe film
grown on GaAs. The presence of Kikuchi lines
and a strongly streaked pattern suggest that the
ZnSe is of high quality and single crystalline. The
two-fold reconstruction lines observed in the
[010] indicate a Zn-stabilized surface. For the
growth of the thin ZnSe shown here, the substrate
temperature was approximately 300°C with 1.0
and 0.30 sccm flow rates of DEZn and DESe,
respectively. Investigations of the surface mor-
phology with Nomarski interference microscopy
has indicated the presence of a featureless surface
at 1000x magnification. Additional experiments
are in progress to increase the growth rate, as well
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Figure 2. Reflection high energy electron diffraction patterns obtained from a 500A ZnSe film grown on a (001}

GaAs substrate. (a) [110] azimuth and (b) [010] azimuth.

as to investigate the growth using sources of
dimethylzinc and hydrogen selenide.

6.3 Photon-assisted MOMBE of
Wide Bandgap II-VI Compound
Semiconductors

Sponsors

Defense Advanced Research Proierts Aaency
Suucontract 53U-U/1b-07

National Science Foundation
Grant ECS 88-46919

To achieve our objective of fabricating p-type
ZnSe. we are employing state-of-the-art epitaxial
growth technmiques, such as CBE and MOMBE, to
take advantage of the nonequilibrium nature of the
growth At the same time. we are employing a
variety of coherent photon sources to tlluminate a
portion of the GaAs substrate during growth
Photon-assisted MBE of ZnSe has been demon-
strated to have an effect on {1) the incorporation
of various atoms, (2) the stoichiometry of the
growing surface front. and (3) the density of
defects  In our laboratory. the CBE reactor has
viewports positioned so that a photon source can
tHuminate the substrate aither perpendicular to or
paratlel to the surface  In our preliminary sxper
iments we have emploved the visible 4579\ Iine

of an argon ion laser perpendicular to the GaAs
surface during MOMBE growth of ZnSe. The laser
beam was defocused to partially illuminate a 1 cm
diameter area of the wafer, providing a power
density of approximately 100 mW/cm?. The power
density is sufficiently low so that there was very
little temperature increase. Foliowing growth, no
visible differences in the surface morphology were
detected. However, a significant enhancement in
the growth rate was observed from thickness
measurements made by selectively etching away
thr 7-~Sa layer from the GaAs< <ubstrate. !n the
area illuminated by the laser, the growth rate was
three times greater than in the area which was
uniluminated. At the growth temperature of
~ 325 C. the wavelength of the laser is at an
energy above that of the ZnSe bandgap We are
currently preparing experiments to study in detail
the physical phenomena, for example electronic or
photochemical, responsible for the growth rate
enhancement

The above mentioned results on the MOMBE of
ZnSe. with and without photon assistance. are
preliminary and not at all conclusive These data
represent the very first results on films grown by
the MOMBE techmgue ' our new CBE reactor
Additional nucrostructural  eiectrical and optical
charactenizations of the ZnSe films ars currentiy
being prepared 1o provide tarther msight into the
properties  of this very imbortant wide bandaap
semiconductor




Chapter 6. Chemical Beam Epitaxy of Compound Semiconductors

6.4 Publications Kolodziejski, L. A.  “"Chemical Beam Epitaxy for
' Advanced Optoelectronic Devices.” Paper pre-
Kolodziejski, L. A. “Modern Growth Technologies sented at_the Optical Society of America

of Semimagnetic Semiconductors.” Paper pre- :\Agge(;ing, Boston, Massachusetts, November
sented at the International School on Physics :

of Semiconducting Compounds, Jaszoweic,
Poland, April 1990.
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7.1 Introduction

Sponsors

Charles S. Draper Laboratory
Contract DL-H-418488

Joint Services Electronics Program
Contract DAAL03-89-C-0001

The goals of this project are to design, fabricate,
test, and model submicron InAlAs/InGaAs Heter-
ostructure Field-Effect Transistors (HFETs) on InP.
These devices are of great interest for applications
in long-wavelength lightwave communication
systems and ultra-high frequency microwave tele-
communications.

Metal-Insulator-Doped semiconductor Field-Effect
Transistors (MIDFETs) in which the InGaAs
channel is heavily doped but the InAlAs insulator
is undoped were pioneered by del Alamo and
Mizutani at NTT Laboratories.! These devices have
been found to display a performance comparable
to InAlAs/InGaAs Modulation-Doped FETs
(MODFETs) of similar gate length. They addi-
tionally offer unique benefits not found in other
device structures: reduced g. and fr collapse,

higher breakdown voltage, and enhanced freedom
for optimization of gate insulator parameters.

During the past year, we have studied the effect of
incr